Organic cation transporters (OCTs) are carrier-type permeases known to participate in general detoxification functions in peripheral tissues. Previous in vitro studies have suggested that OCTs ensure Uptake 2 , a low-affinity, corticosteroid-sensitive catecholamine removal system, which was characterized initially in sympathetically innervated tissues. Although the presence of both Uptake 2 -like transport and most OCT subtypes has also been demonstrated in the brain, the physiological role of this family of transporters in CNS remained totally unknown. In the present work, we show that the OCT3 transporter is found throughout the brain and highly expressed in regions regulating fluid exchange, including circumventricular organs such as area postrema and subfornical organ (SFO), and in other structures implicated in the sensing of changes in blood osmolarity and regulation of salt and water ingestion. OCT3/Slc22a3-deficient mice show an increase in the level of ingestion of hypertonic saline under thirst and salt appetite conditions, as well as alterations of the neural response in the SFO after sodium deprivation, as monitored by Fos immunoreactivity. This work demonstrates that the presence of OCT3 is critical for the balanced neural and behavioral responses to environmentally induced variations in osmolarity and provides for the first time physiological evidence of the importance of OCTs for CNS function.
Introduction
Organic cation transporters (OCTs) are carrier-type permeases that participate in the elimination of a variety of cationic substances, physiological compounds, and xenobiotics in tissues such as kidney, liver, and placenta (Koepsell, 1998) . In addition to this general detoxification function, the OCT family has also been proposed to ensure Uptake 2 , a catecholamine removal system found in peripheral tissues with sympathetic innervation. Uptake 2 is a sodium-and chloride-independent, low-affinity, high-capacity transport system initially described in heart, smooth muscle, and glandular cells (Iversen, 1965) . Contrary to sodium-driven, high-affinity neuronal Uptake 1 , Uptake 2 can be inhibited by corticosteroids and O-methylated catecholamines as well as cyanin-related compounds (Trendelenburg, 1988; Friedgen et al., 1996; Wu et al., 1998) . The main OCT subtypes (OCT1, OCT2, and OCT3) isolated these last few years in humans and rodents display pharmacological profiles that match these general characteristics (Grundemann et al., 1997 (Grundemann et al., , 1998a Busch et al., 1998; Wu et al., 1998; Hayer-Zillgen et al., 2002) .
A transport system very similar to Uptake 2 has also been identified previously in the brain. Accumulation of noradrenaline (NA) and of the model substrate isoprenaline, displaying lowaffinity kinetics and the overall characteristics of peripheral Uptake 2 , was demonstrated in rat cerebral cortex slices (Hendley et al., 1970; Wilson et al., 1988) . The existence of this central Uptake 2 system was further supported by a report showing that the residual MPP ϩ uptake observed after suppression of Uptake 1 by cocaine was sensitive to the selective Uptake 2 inhibitor disprocynium24 . In agreement with these findings, most OCTs have been found expressed in murine or human brain by Northern blotting or RT-PCR, although at a low level (Gorboulev et al., 1997; Grundemann et al., 1997 Grundemann et al., , 1998b Busch et al., 1998; Wu et al., 1998) . Until now, however, the role of these OCT subtypes and, more generally, the physiological relevance of Uptake 2 in the CNS, remained unknown.
Although OCT1 and OCT2 seem to be restricted mainly to kidney, liver, and intestine, OCT3 shows a relatively broader tissular distribution, including heart and placenta. It also shows a specific profile of graded sensitivity toward various corticosteroids and disprocynium24. On the grounds of these observations, it was inferred that OCT3 must account in great part for Uptake 2 transport (Grundemann et al., 1998b; Wu et al., 1998) . This significant contribution in the handling of organic cations at the periphery was confirmed recently in mice invalidated for the OCT3/Slc22a3 gene (locus name Slc22a3) that show impaired Uptake 2 activity in heart and in embryos (Zwart et al., 2001) . Whether this transporter could participate in specific neurobiological functions had nevertheless not been explored. In the present work, we show that OCT3 is found throughout the brain and highly expressed in regions regulating fluid exchange, including several circumventricular organs (CVOs). We provide evidence for a major role of this transporter in CNS function by demonstrating modified salt-intake regulation in OCT3/Slc22a3-deficient mice.
Materials and Methods
Animals. OCT3/Slc22a3-deficient mice were generated previously by homologous recombination (Zwart et al., 2001 ). Animals were housed in an animal care facility with a 12 hr light/dark cycle with food and water available ad libitum unless stated otherwise. Heterozygous mice were bred to generate wild-type and knock-out littermates, and 8-to 12-weekold mice were used for the experiments. Animal care and maintenance were in accordance with the guidelines of the European Convention for the Protection of Vertebrate Animals.
Antibodies. Rabbit polyclonal antibodies were raised and affinity purified against the OCT3 peptide SEITVTDEEVSNPSC conjugated with KLH (Agro-Bio). Antibodies directed against cellular markers neuronal nuclear antigen (NeuN), glial fibrillary acidic protein (GFAP), synaptophysin, and vesicular glutamate transporter 1 (VGLUT1), and Cy3-conjugated secondary antibodies were from Chemicon International (Temecula, CA). FITC-conjugated secondary antibodies were from Molecular Probes (Eugene, OR). c-Fos and biotinylated donkey anti-goat antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
Immunohistochemistry. Adult male Sprague Dawley rats or mice were anesthetized and perfused intracardially with 4% paraformaldehyde in PBS. Dissected brains were postfixed by immersion during 4 hr and cryoprotected with 30% sucrose in PBS. Cryostat brain sections (10 m) or transfected human embryonic kidney (HEK) 293 cells were fixed with 4% paraformaldehyde in PBS. After preincubation in PBS containing 0.2% gelatin and 0.25% Triton X-100, sections were incubated with OCT3 antibodies (at 1:400 dilution) in the same buffer and then with Cy3-or FITC-conjugated secondary antibodies (at 1:1600 and 1:2000 dilutions). For double-labeling experiments, antibodies directed against GFAP, NeuN, synaptophysin, or VGLUT1 (at dilutions 1:400, 1:100, 1:3000, and 1:10,000, respectively) were incubated with OCT3 antibodies and revealed with secondary FITC-or Cy3-coupled antibodies. For c-Fos-immunohistochemistry, mutant and control mice were placed on a low-sodium diet during 24 hr and injected with furosemide, and brains were processed as described above and cut coronally into 40-m-thick serial sections. Immunostaining was performed with a goat anti-Fos polyclonal antibody at 1:1000 dilution in presence of 0.3% Triton X-100 and then processed with biotinylated donkey anti-goat IgG antibodies and ABC reagents (Vector Laboratories, Burlingame, CA). Fosimmunopositive cells were quantified in a set of characteristic and comparable sections of the subfornical organ (SFO) and the organum vasculosum laminae terminalis (OVLT) and expressed as the average number of positive nuclei present per square millimeter.
Cell culture. HEK 293 cells were maintained at 37°C in a humidified atmosphere (5% CO 2 ) in DMEM supplemented with 10% FCS, penicillin, and streptomycin (Invitrogen, Gaithersburg, MD). Cells were transfected with constructs containing OCT cDNAs in a pCR3 vector (Stratagene, La Jolla, CA) using Fugene6 (Roche, Hertforshire, UK) according to the manufacturer and processed 48 hr later for immunocytochemical studies.
Dehydration-induced aversion to hypertonic saline. Dehydrationinduced aversion to hypertonic saline (0.3 M NaCl) was assessed in the home cages with a two-bottle preference test. Mice were trained to drink water from two bottles during 1 week. A pretest was then performed with mice presented with a choice between 0.3 M NaCl or water, and fluid intake was measured for 6 hr (10 A.M. to 4 P.M.). The following day, bottles were removed, and mice were left with only dry food for 24 hr. Salt and water bottles were then put back, and intake was measured again for 6 hr.
Sodium depletion-induced salt appetite test. Before testing, mice were trained to drink water from two bottles during 1 week. On the day before sodium depletion, mice were presented with a choice between water and 0.3 M NaCl. On the first day, mice were injected twice (10 A.M. and 4 P.M.) with saline (0.9% NaCl). At 10 A.M., the bottle of 0.3 M NaCl was withdrawn, and the normal diet was replaced with sodium-depleted food (Usine d'Alimentation Rationnelle). On the following day at 10 A.M., mice were given a choice between water and 0.3 M NaCl, and liquid intake was measured at 12 A.M., 2 P.M., and 4 P.M. Subsequently, a similar protocol was performed with the same animals, with furosemide injections (0.6 mg) instead of saline and a sodium-depleted diet. Finally, the same protocol was performed with furosemide injections associated with a normal sodium-containing diet to evaluate the effect of sodiumdepleted food. In a series of dehydrated or sodium-deprived animals, blood was collected, and the concentration of electrolytes in plasma was evaluated.
Results
The OCT3 transporter is highly enriched in circumventricular organs and found in neurons throughout the brain Antibodies were raised and affinity purified against a synthetic peptide corresponding to a region of the rodent OCT3 protein diverging from other OCT subtypes on the basis of sequence information retrieved from databanks. The specificity of these antibodies was evaluated by transient transfection of OCTexpressing constructs in cultured cells, followed by immunofluorescent cytochemistry (Fig. 1) . These experiments show that the OCT3 antibodies strongly label OCT3-transfected HEK 293 cells (Fig. 1 A) but not mock-transfected (Fig. 1 B) , OCT1-transfected (Fig. 1C) , or OCT2-transfected (data not shown) cells. The distribution of OCT3 was next investigated by immunohistochemistry on rat brain sections. Marked expression of OCT3 was observed in several regions located at the blood-brain interface, in particular several CVOs. Specifically, strong OCT3 labeling was found in the area postrema (AP) (Fig. 2 A) and the SFO (Fig. 2B ). In these two structures, OCT3 was found in neurons, as demonstrated by double-labeling experiments with antibodies directed against the neuronal protein NeuN (shown in Fig. 2C for the SFO). In addition, ependymal cells of the subcommissural organ (SCO) (Fig. 2 D) were clearly labeled, as was the pineal gland ( Fig.  2 E) . In this latter structure, OCT3 was confined exclusively to pinealocytes, as shown by colabeling with antibodies directed against VGLUT1 (Morimoto et al., 2003) , a transporter specifically expressed in these cells (Fig. 2 F) . In these CVOs, OCT3 was never found colocalized with nerve terminals (labeled with antisynaptophysin antibodies) or with astrocytes (labeled with anti-GFAP antibodies). Choroid plexus and ependymal cells in some areas lining the ventricles also appeared strongly labeled by OCT3 antibodies.
In addition to these highly labeled structures, OCT3 was found throughout the brain, as illustrated for some regions in Figure 2 : in the forebrain in frontal cortex (G, H ), in magnocellular and parvocellular portions of hypothalamic paraventricular nuclei (PVN) ( I), in medial preoptic nuclei (MPO) ( J), in supraoptic nuclei (SON) ( K) and several thalamic nuclei; in the brain stem in solitary tract nucleus (SOL) nuclei ( L), substantia nigra, raphe nuclei, and locus coeruleus, as well as in pyramidal cells of hippocampus and Purkinje cells of the cerebellum. Colabeling experiments with antibodies directed against either the neuronal marker NeuN (Fig. 2G) or the astrocyte specific marker GFAP (Fig. 2 H) confirmed that in most brain regions a majority of neurons express OCT3. In astrocytes, in contrast, no expression of OCT3 was detected.
A very similar distribution profile, with preferential expression of OCT3 in the CVOs, was also found in mouse brain. This is illustrated in Fig. 3A , which shows strong labeling of the SFO with OCT3 antibodies in wild-type mouse brain sections. This labeling was markedly decreased in the SFO of OCT3-deficient mice, further demonstrating the specificity of our antibody (Fig. 3B ).
OCT3/Slc22a3-deficient mice show alteration of salt-intake behavior under thirst and salt appetite conditions OCT3 is highly expressed in two CVOs, AP and SFO, and, at a lower level, in several structures (SON, MPO, PVN, and SOL) implicated in sensing changes in blood osmolarity and regulation of salt and water ingestion (Ferguson and Bains, 1996; Bourque and Oliet, 1997; Johnson and Thunhorst, 1997; Fitzsimons, 1998) . To assess the functional participation of OCT3 in these osmoregulatory circuits, we searched in OCT3 mutant mice for alterations of the activity of these structures and for perturbations of salt-intake behavior. In dehydrated conditions, animals tend to compensate by ingesting a large quantity of water and avoiding hypertonic saline (0.3 M NaCl). We evaluated the preference for water versus hypertonic saline before and after 24 hr of water deprivation in wild-type and mutant mice. In basal conditions (water-satiated and normal diet), total liquid intake (water plus hypertonic saline) did not differ between the two genotypes, nor did saline intake (Fig. 4) . After dehydration, both groups showed a more than twofold increase in total liquid intake, but, in addition, the OCT3 mutant mice showed a significant increase in saline intake compared with wild-type mice (Fig. 4 A, B) .
In a second set of experiments, salt depletion was provoked by administration of the diuretic furosemide, associated with a sodium-depleted diet, and the ingested volumes of water and hypertonic saline were measured every 2 hr (Fig. 5) . In the control experiment, when isotonic saline was injected in place of furosemide in association with a sodium-depleted diet, OCT3 mutant and wild-type mice ingested comparable volumes of water and saline (Fig. 5A) . Under the acute salt appetite condition induced by furosemide injection associated with a sodium-depleted diet, however, the OCT3 mutants showed an ϳ40% increase in the ingestion of 0.3 M NaCl compared with the wild-type mice (Fig.  5B) . This abnormal ingestion of hypertonic saline was maintained when furosemide was associated with conventional sodium-containing food (Fig. 5C ). Concentrations of electrolytes in the plasma after salt deprivation were normal and comparable in wild-type and mutant mice (n ϭ 6): 148.5 Ϯ 1.4 and 149.8 Ϯ 1.4 for Na ϩ ; 110.3 Ϯ 1.2 and 112.0 Ϯ 1.7 for Cl Ϫ . This shows that under these conditions the null mutants regulate sodium excretion normally and that the alterations in neural response and salt-ingestion behavior observed in these animals stem from a defect in sensing or in response to variations in osmolarity.
OCT3/Slc22a3-deficient mice show an abnormal decrease of Fos-immunoreactivity induction in the SFO
The SFO, an osmosensitive structure, is among the major sites of OCT3 expression. We thus examined next the effects of salt deprivation on the expression of the protein c-Fos, an indicator of central neural response to diverse excitatory stimuli, including changes in the extracellular fluid balance such as hyperosmolarity and hypovolemia (Sagar et al., 1988; Lane et al., 1997; Carlson et al., 1998; Thunhorst et al., 1998; Sunn et al., 2002) . Figure 6 shows the evaluation of the number of Fos-immunopositive cells in two osmosensitive structures, SFO and OVLT, under normal and salt-deprived conditions. In basal conditions, few Fosimmunopositive cells were detected in the two regions examined in OCT3 knock-out and wild-type mice. After 24 hr of salt deprivation (furosemide injection and sodium-depleted diet), the number of Fos-immunopositive cells was significantly increased in both SFO and OVLT in both types of mice (Fig. 6 A, B) . In the SFO, however, an approximately threefold decrease in the number of Fos-immunopositive cells was observed in OCT3 mutants as compared with wild-type mice. These results demonstrate an alteration of the cellular response to osmotic changes in this structure in OCT3-deficient mice. In contrast, in the OVLT, which does not express OCT3, the increase in Fosimmunopositive cells was comparable between the two genotypes (Fig. 6 B) .
Discussion
Concerted sodium and water balance regulation is a complex function implicating osmoreceptors for blood-borne information located in the anterior hypothalamus, such as the sensory CVOs, as well as secondary neural circuits in forebrain and hindbrain, all of which are richly interconnected (Ferguson and Bains, 1996; Bourque and Oliet, 1997; Johnson and Thunhorst, 1997; Fitzsimons, 1998) . We found OCT3 expressed predominantly in two regions displaying intrinsic sensitivity to osmolarity, SFO and AP, and to a lower extent, in other osmosensitive or relay regions such as MPO, SON, PVN, and SOL. Expression of OCT3 in AP was also reported recently at the mRNA level by Haag et al. (2004) . As suggested by this distribution, we found in mice lacking this transporter an abnormal salt-ingestion behavior, i.e., a marked increased preference for hypertonic saline, under both sodium depletion and water deprivation conditions. This indicates that the presence of OCT3 is required for the correct behavioral responses to environmentally induced variations in osmolarity. In several osmosensitive or relay regions, increase in neuronal activity has been previously correlated with a strong induction of c-Fos protein, establishing this marker as a reliable indicator of functional activation in these specific structures. In particular, acute sodium depletion provoked by administration of diuretics is known to dramatically increase c-Fos expression in Figure 4 . The OCT3/Slc22a3 mutants show an increase in ingestion of hypertonic saline under dehydrated conditions. Total fluid intake ( A) and 0.3 M NaCl intake ( B) were measured for 6 hr before and after 24 hr water deprivation in OCT3 Ϫ/Ϫ and control mice (mean ϩ SEM; n ϭ 8). ANOVA followed by Tukey test: *p Ͻ 0.05, ϩ/ϩ versus Ϫ/Ϫ mice. Figure 5 . The OCT3/Slc22a3 mutants show an increase in ingestion of hypertonic saline under acute salt appetite condition. The animals (n ϭ 6 -8) were sequentially submitted to a sodium-depleted diet associated with saline injections ( A), a sodium-depleted diet associated with furosemide injections ( B), and a normal diet associated with furosemide injections ( C). Mean cumulative intakes (ϮSEM) of 0.3 M NaCl (left panel) and water (right panel) were measured every 2 hr on the day after treatment in OCT3 Ϫ/Ϫ and wild-type mice. ANOVA followed by Tukey test: *p Ͻ 0.05; **p Ͻ 0.01. SFO, OVLT, MPO, SON, and PVN of rodents (Lane et al., 1997; Thunhorst et al., 1998) . We thus searched for modifications of this functional response by quantitating the number of c-Fosexpressing cells in the SFO, in which OCT3 is highly expressed, in mice exposed to salt deprivation. Under this condition, we found that the intensity of c-Fos induction in SFO was decreased significantly in OCT3/Slc22a3-deficient mice in comparison with wild-type animals, reflecting a blunted neural response in this structure. Taken together, these findings constitute the first example of the involvement of an OCT in central functions and bring to light an unsuspected role for OCT3 in brain structures implicated in osmoreception and processing of osmotic information.
Similar examples of altered salt appetite have been reported previously in rodents. Lesions of the SFO have been shown to provoke a marked reduction of salt appetite after sodium depletion, whereas surgical ablation of AP, on the contrary, can significantly increase salt appetite (Johnson and Thunhorst, 1997) . Increased hypertonic saline ingestion has also been observed in mouse mutant models with abnormal neuroendocrine signaling such as oxytocin deficiency (Puryear et al., 2001 ) and angiotensin II overexpression (Morimoto et al., 2002) , as well as in mice deficient for an ionic channel highly expressed in CVOs (Watanabe et al., 2000).
The precise role of OCT3 in the neural response of the SFO during salt deprivation remains unclear. Our data suggest that the modifications of normal salt-ingestion behavior found in the mutants are the direct consequence of the impaired functional response of the SFO, an osmosensitive structure that expresses OCT3 at a high level. Still, although OCT3 activity is clearly required for a correct response of the SFO, it may also be needed for activation of secondary neural circuits implicated in the response, or even to ensure proper neurotransmission between some of the osmosensitive structures and relay regions.
SFO neurons have been shown to display intrinsic sensitivity to variations in extracellular osmotic pressure. The underlying primary mechanism has been suggested to be the activation of ionic channels, similar to that described for SON neurons, i.e., activation of mechanosensitive cationic channels in response to cell shrinkage, in turn regulating membrane potential, and action potential discharge (Wells, 1998; Anderson et al., 2000) . For SFO neurons, however, the intrinsic conductance has not yet been identified. This response is also submitted to extensive control by secondary neural circuits and neuroendocrine signaling (Johnson and Thunhorst, 1997; Fitzsimons, 1998) . OCT3 is a sodiumindependent transporter that transports organic cationic substances, mostly of exogenous origin, one exception of which is aminergic transmitters. Previous pharmacological studies in heterologous expression systems have shown that rat OCT3 can transport dopamine (Wu et al., 1998) , whereas the human ortholog, extraneuronal monoamine transporter, can transport NA, 5-HT (Grundemann et al., 1998b) , and histamine (Grundemann et al., 1999) , suggesting that this transporter could participate in monoamine homeostasis in vivo. It thus seems unlikely that OCT3 could be implicated per se in osmolarity sensing but more probable that it could play a role in modulation of the primary neural response, either within the SFO or by afferent connections. Several forebrain regions implicated in relaying osmoregulatory responses, like the MPO, the SON, and the magnocellular division of the PVN, express OCT3 at a low level. Therefore, the possibility that perturbations of the activity of these structures could contribute to some extent to the behavioral alterations observed in the mutants cannot be excluded. To address this issue, further neurochemical and behavioral investigations will be needed to determine whether aminergic neurotransmission is altered in the neural circuits that regulate salt and water ingestion in OCT3/Slc22a3 knock-out mice.
Finally, in addition to high level expression in some regions implicated in osmoregulation, OCT3 protein expression was also detected in other regions throughout rat brain, although with lesser intensity. This distribution includes regions that have been shown previously to express the corresponding mRNA, i.e., cerebral cortex, hippocampus, pontine nucleus, and cerebellum (Wu et al., 1998) , but extends widely beyond these locations and covers all main regions of the brain. In our studies, OCT3 was located mostly in neurons, with the exception of ependymal cells of the SCO and pinealocytes. Moreover, under our conditions, brain astrocytes did not express detectable levels of OCT3. This contradicts previous reports of the presence of Uptake 2 and OCTs in human glioma cells and cultured rat astrocytes Streich et al., 1996; Schomig et al., 1998; Hayer-Zillgen et al., 2002) . These previous results led to the assumption that in vivo, in normal brain OCTs are located in astrocytes, which is not the case, as shown here. This discrepancy may reflect the disruption, in ex vivo experimental systems, of environmental regulatory cues controlling the expression of these transporters.
To summarize, our results provide evidence for a major role of OCT3 (OCT3/Slc22a3) in the CNS. We show that OCT3 is expressed predominantly in regions that are implicated in sensing changes in blood osmolarity and regulation of salt and water ingestion and that the presence of this transporter is critical for the correct neural and behavioral responses to environmentally induced variations in osmolarity. This is the first description of the involvement of an OCT in central function in vivo, intimately linked to the particular distribution profile of OCT3. Undoubtedly, exploration of the role of other OCT members in brain will reveal diverse and unexpected functions for this complex and pleiotropic family.
